We have investigated the over-production of seven membrane proteins in Council Laboratory of an Escherichia coli -bacteriophage T7 RNA polymerase expression system.
expression vectors for many membrane proteins, as well as for some cytoplasmic proteins (Dong et al., 1995) , for cell division proteins (de Boer et al., 1988; Gutzman et al., 1992) and for other toxic proteins such as DNase (Doherty et al., 1993) kill the host bacterium. Therefore, we have investigated the toxicity of over-expression of membrane proteins in E. coli in one of the most widely used expression systems, in which the target gene is transcribed from the vector by bacteriophage T7 RNA polymerase (Studier et al., 1990) . In the E. coli BL21(DE3) host strain, used in conjunction with pET vectors, the T7 RNA polymerase is produced from the l-lysogen DE3 in the host bacterium, and its expression is under the control of the IPTG-inducible lac UV5 promoter. This system has been employed successfully for over-production of many globular proteins, but in many other cases significant over-production cannot be achieved because of the toxicity of over-expression (Studier et al., 1990; George et al., 1994) .
The toxic effects of the over-expression of seven membrane proteins (see Table 1 ) cloned in pET and related expression plasmids towards the E. coli BL21(DE3) host cells were investigated by attempting to grow cells containing the plasmids on two sets of agar plates, one containing IPTG and the other lacking the inducer. The proteins investigated were the OGCP, the phosphate carrier and the ADP/ATP carrier, all three being members of a super-family of transport proteins with six transmembrane spans (Walker & Runswick, 1993) , subunits b and c of the E. coli F-ATPase with one and two transmembrane spans, respectively (Fillingame, 1990) , and a fusion protein between bacteriophage T7 10a protein and the alanine-H + carrier from Bacillus PS3, which is thought to have 10 to 12 transmembrane a-helices (Kamata et al., 1992) . In earlier studies, the OGCP had been shown to be over-produced at high levels (10 mg per litre of bacterial culture) in E. coli BL21(DE3) (Fiermonte et al., 1993) . None of the seven vectors produced colonies on the plates containing IPTG, and in the absence of IPTG only very small colonies formed from cells containing plasmids for the b-subunit of E. coli F-ATPase, for the bovine ADP/ATP carrier, Table 1 . Expression of various proteins in BL21(DE3), C41(DE3) and C43(DE3) hosts 
ND
At the end of the expression experiment (three hours growth in BL21, 18 hours in C41 in most cases), cells were centrifuged (7000 g, 10 minutes) and re-suspended in buffer (20 ml) consisting of 10 mM Tris-HCl (pH 8.0), 1 mM EDTA and 0.001% (w/v) phenylmethylsulphonyl fluoride. Bacteria containing over-produced proteins were passed twice through a French pressure cell (pre-cooled to 4°C), inclusion bodies were collected by centrifugation (10 minutes, 10,000 g), and the membrane and cytosolic fractions were separated by ultra-centrifugation (two hours, 100,000 g). a m, membrane protein, g, globular protein.
b IB, inclusion bodies; C, soluble in cytosol; M, in membrane; for E. coli F-ATPase subunit b, IB/M indicates that, C41(DE3), the protein was in a form that was difficult to solubilize in detergent, but in C43(DE3) it was in the membrane and was readily detergent extractable (see the text); for the GFP, IB/C indicates that the protein was partially soluble and partially in inclusion bodies in both BL21(DE3) and C41(DE3).
c The expression level is given as mg protein/litre of bacterial cells, quantified by: 1 bicinchoninic acid assay, or 2 N-terminal sequencing. A portion of cells was solubilized in 1% SDS, and the proteins were separated by SDS-PAGE (Laemmli, 1970) , transferred to polyvinylidene difluoride membranes and stained with PAGE 83 dye. Appropriate bands were excised and introduced into the sequencer. The yields of phenylthiohydantoins released at each of 15 consecutive cycles of Edman degradation were measured by HPLC, and the amount of the protein of interest on the membrane was estimated by extrapolation to cycle zero. Each experiment was performed twice. 3 The bovine F-ATPase b-subunit probably has two trans-membrane spanning a-helices and is not related in sequence to the E. coli b-subunit, which has one trans-membrane span (Walker et al., 1987) ; 4 the staufen protein (St Johnston et al., 1991) was detected in the soluble fraction of the cells by Western blotting by D. St Johnston. A hyphen indicates that because of toxicity of the expression plasmid, no expression was obtained. ND, not determined. With the exceptions of the alanine-H + carrier, which was cloned in pCGT180 (kindly donated by Dr C. G. Tate, it was derived from pGEMX and produces a fusion protein with the major capsid protein 10A of phage T7), and the staufen protein, which was cloned into pET7, the coding sequences of the various proteins were cloned into pMW7 (Way et al., 1990) . Also, see Collinson et al. (1994) and Orriss et al. (1996) for more details of vectors, and Chalfie et al. (1994) for details of the GFP. The GFP was cloned from a mutant, GFPA (K. Siemerling, R. Goblik & J. Haseloff, unpublished results). and for the alanine-H + carrier. The cells in these very small colonies were not viable, and therefore it would not be possible to produce inocula for over-expression cultures in liquid media. Small viable colonies were obtained with the plasmid for E. coli subunit c. Similar experiments were conducted with vectors for ten globular proteins (see Table 1 ); none of them formed colonies in the presence of IPTG. Therefore, all 17 of the expression plasmids that were examined produced toxic effects on the BL21(DE3) host, with a wide spectrum of severity. The plasmids encoding membrane proteins were the most toxic, but among plasmids encoding membrane proteins, the one encoding the OGCP was the least toxic.
A control experiment was conducted with five different expression vectors from the pET family, all of them lacking a target gene for possible over-expression, They were pMW7, pET17b (containing an N-terminal T7 tag), pET23a (containing a N-terminal T7 tag and a C-terminal His-tag), pET29a (containing an S-tag) and pGEMEX-1 (containing a gene 10a fragment). Surprisingly, none of the cells containing the ''empty'' plasmids produced colonies in the presence of IPTG, except for pET 17b, which gave very small colonies, demonstrating that the plasmids themselves are intrinsically toxic to E. coli BL21(DE3) host cells. Therefore, the toxicities for expression plasmids containing target genes, consist of contributions from both the vector (and associated tags) and the target gene.
The inhibitory effects of the pMW7 (OGCP) expression vector on E. coli BL21(DE3) were also studied in liquid culture containing ampicillin. The culture was grown for four hours before addition of the inducer, IPTG (see phase 1 in Figure 1A) . One hour or so later, the cells had stopped dividing and the absorbance of the culture decreased (phase 2). After a further five to six hours, the absorbance rose again (phase 3) and eventually reached a value greater than 5. The maximal level of expression of the OGCP was attained three hours after addition of inducer, and it diminished thereafter. Therefore, phase 3 corresponds to the outgrowth of cells that had lost the ability to express the target gene. Similar three-phase growth curves have been observed in our studies of all of the proteins that have been over-produced in E. coli BL21(DE3). Some variation was observed in the length of the lag in phase 1 from three hours (GFP) to ten hours (E. coli F-ATPase subunit c), and in maximal cell density in phase 2 from 0.5 to 2.0, depending on the degree of toxicity associated with the plasmid.
The toxicity mediated by IPTG induction of OGCP expression in E. coli BL21(DE3) in a liquid culture was investigated by plating the cells in the absence of selection pressure, in the presence of ampicillin, and in presence of both ampicillin and IPTG. After 30 minutes, the number of viable cells had decreased dramatically from 10 8 to 10 4 even in the absence of ampicillin (see Figure 1B) . The absorbance of the culture was still increasing at this juncture, and so the cells were dying but had not lysed. In the residual viable population, only 10% of the bacteria retained ampicillin resistance two hours after induction, and three hours later only 1% of the population was resistant to the antibiotic. Eight hours after induction, the number of viable cells equalled the number of cells calculated from the absorbance, showing that the culture now contained predominantly cells that had lost the plasmid.
The ampicillin-resistant cells were also resistant to IPTG ( Figure 1B) , and the colonies contained two sub-populations of larger and smaller sizes (Figure 1C) . Neither of these phenomena has been described in previous investigations of this expression system (Studier et al., 1990) . In a separate control experiment, where no IPTG was added to the liquid culture, the plasmid was stable, and the number of viable cells was similar to the number of cells calculated from the absorbance. However, on plates, a small fraction of the population was again resistant to IPTG. In the uninduced liquid culture, the ratio of cells resistant to IPTG compared to the total number of cells was stable at around 3 × 10 −5 , whereas induction of expression by addition of IPTG increased this ratio to 3 × 10 −3 ( Figure 1D ). Therefore, the expression of the OGCP in E. coli BL21(DE3) grown in liquid cultures had apparently increased the number of colonies resistant to IPTG. This effect of IPTG is difficult to quantify as its addition to the culture leads to the death of wild-type cells, thereby selecting for mutants, but it remains possible that the induction of expression of the protein provokes an SOS response in the host (Studier et al., 1990; Murli & Walker, 1993; Friedberg et al., 1995) .
This apparent increase in the frequency of mutants by over-expression of the OGCP on E. coli BL21(DE3) presented the opportunity to select mutant host strains that might be more tolerant to over-expression of the OGCP. The first round of selection was conducted with E. coli BL21(DE3) transformed with pMW7(OGCP). Four hours after induction, a 100-fold dilution of cells from the culture was plated on solid medium containing IPTG, giving sub-populations of large and small colonies as before ( Figure 1C) . Three large colonies and one small colony were examined for their ability to express the OGCP in liquid media. No OGCP was produced by cells grown from the large colonies, but a culture grown from the small colony was found to produce the OGCP and to continue growing in the presence of IPTG, eventually attaining a saturation absorbance similar to control cultures grown in the absence of inducer. The strain of cells from the small colony was named E. coli C41(DE3). Its phenotype was stable; it continued to give rise to small colonies in the presence of IPTG (Figure 2A ), and to grow and to produce the OGCP in liquid cultures in the presence of inducer.
Plasmid pMW7(OGCP) was re-isolated from cells of E. coli C41(DE3), and was transformed back into E. coli BL21(DE3), restoring the toxic phenotype. A, A fresh colony of the host containing the plasmid pMW7(OGCP) was inoculated into 2 × TY medium (50 ml) supplemented with ampicillin (final concentration 50 mg/ml). Three phases of growth are marked: 1, pre-induction; 2, post-induction cell death; 3, overgrowth of the culture. B to D, Analysis of the bacterial population after induction of expression of the bovine OGCP. Portions (100 ml) of each dilution (1 in 10, 1 in 10 2 , 1 in 10 3 , 1 in 10 4 and 1 in 10 5 ) were spread on three sets of agar plates, (0.7 mM, final concentration), IPTG and ampicillin (50 mg/ml), ampicillin alone, and no additives, respectively. The number of viable cells was determined by counting the colonies on the most suitable plate with 100 to 300 colonies per plate. In B, the analysis was performed on samples from A. The symbols used are as follows: (w) Number of cells calculated from the absorbance; (q) number of viable cells on 2 × TY plates; (r) ampicillin-resistant colonies; (r) ampicillin and IPTG-resistant colonies; (T) small colonies resistant to both ampicillin and IPTG (''small'' colonies were visible after 18 hours of incubation at 37°C, and their diameter was about 30% smaller than that of normal ''large'' colonies). C, Large and small colony formation in the presence of ampicillin and IPTG of a sample of cells from a liquid culture taken 11.5 hours after induction by IPTG. D, The frequency of ampicillin and IPTG resistant colonies compared with the total population: (y) non-induced culture; (Y) induced culture.
Strain E. coli C41(DE3) was cured of pMW7(OGCP) by growth in liquid medium in the absence of ampicillin. Each day, a portion of the culture was diluted 1000-fold, and plated out in the presence of IPTG and in the absence of ampicillin. After seven days, a large colony lacking the plasmid arose. Retransformation of cells from this colony with pMW7(OGCP) restored the ability to grow in the presence of IPTG in liquid culture and to over-express the OGCP. Therefore, the mutation affecting over-expression of the OGCP is in strain C41(DE3), and not in the plasmid pMW7(OGCP).
Subsequently, it has proved to be possible to over-express many other proteins without toxic effects in E. coli C41(DE3) (see below). However, the toxicity of over-expression of other proteins, including the b subunit of E. coli F-ATPase, persisted in strain C41(DE3). Therefore, a second round of selection was conducted on E. coli C41(DE3) transformed with pMW7(Ecb). From 15 small colonies arising by plating in the presence of IPTG, one was found that over-expressed subunit b and continued to grow after induction. This strain was named E. coli C43(DE3), and the additional mutation was again shown to be associated with the bacterial genome. Similar to strain C41(DE3), the phenotype of C43(DE3) is stable (see Figure 3A) . In contrast to their toxic effects on E. coli BL21(DE3), ''empty'' plasmids do not inhibit the growth of either the C41(DE3) or C43(DE3) strains.
It should be emphasized that the number of small colonies and the proportion of those small colonies that are competent for expression of a target protein, differ widely according to the toxicity of the expression plasmid. With relatively non-toxic plasmids such as pMW7(OGCP) and pMW7(GFP), encoding the green fluorescent protein, small Figure 2 . Comparison of the expression of the OGCP in E. coli BL21(DE3) and C41(DE3) hosts. A, Comparison of phenotypes of E. coli BL21(DE3) and mutant C41(DE3), both containing pMW7(OGCP). Quadrants 1 and 2, E. coli C41, in the absence and presence of IPTG, respectively; quadrants 3 and 4, E. coli BL21(DE3) in the absence and presence of IPTG, respectively. B, Growth of the two strains containing pMW7(OGCP). C, Analysis of the bacterial population in the liquid culture (for details, see the legend to Figure 2 ). The arrows in B and C indicate the addition of inducer. (w) Number of cells calculated from the absorbance; (q) number of cells able to grow on 2 × TY plates; (r) ampicillin resistant colonies; (r) colonies resistant to both ampicillin and IPTG. D, Expression of the OGCP analysed by SDS-PAGE. The cultures were grown in 250 ml of broth. In both cases, the protein formed inclusion bodies in bacterial cytoplasm. They were each re-suspended in 4 ml of buffer and 1 ml was analysed on the gel, which was stained with PAGE 83 dye. At the left-hand side, the positions of molecular mass markers are indicated (in kDa). Lane (a), OGCP expressed in E. coli BL21(DE3) three hours after induction; lane (b), OGCP expressed in C41(DE3) three hours after induction in medium lacking ampicillin; lane (c), OGCP expressed in C41(DE3) 18 hours after induction by IPTG added at the starting point of the culture. Freshly transformed colonies C41(DE3) and C43(DE3) each containing pMW7(Ecb) were inoculated into 2 × TY medium (50 ml) and grown at 37°C. A, Comparison of phenotypes of E. coli C41(DE3) and mutant C43(DE3), both containing pMW7(Ecb). Quadrants 1 and 2, E. coli C43(DE3), in the absence and presence of IPTG, respectively; quadrants 3 and 4, E. coli C41(DE3) in the absence and presence of IPTG, respectively. B, Growth curves of E. coli C41(DE3) and C43(DE3) expressing subunit b. The arrow indicates the induction of expression by IPTG. C and D, SDS-PAGE analysis of the expression of the b-subunit in E. coli C41(DE3) and C43(DE3), respectively. The equivalent of 5 ml of culture was analysed at the times indicated above each slot. On the left-hand side, the migration positions of standard proteins are indicated. The gel was stained with Coomassie 83 dye.
colonies competent for over-expression were common and easily identifiable, whereas with more toxic plasmids such as pMW7(Ecb), mutants of C41(DE3) expressing subunit b were rare.
The advantages of strains C41(DE3) and C43(DE3) as hosts for over-expression of the OGCP and subunit b of the F-ATPase, respectively, are illustrated in Figures 2 and 3 . Both parental strains stopped growing after induction of expression, whereas the mutant hosts continued to grow to high cell densities (see Figures 2B and 3B) . By analysis of the cell population in the culture after induction of over-expression ( Figure 2C) , it was apparent that pMW7(OGCP) remained stable in strain C41(DE3), and in addition, the number of viable cells correlated with the number of cells calculated from the absorbance. In C41(DE3), at least ten times more OGCP was expressed than in BL21(DE3) ( Figure 2D, lanes (a) and (b) ). Moreover, strain C41(DE3) containing pMW7(OGCP) could be grown in 2 × TY broth, containing IPTG but lacking ampicillin, without overgrowth ( Figure 2D , lane (c)). The final cell density in C41(DE3) was six times greater than in BL21(DE3), and therefore the amount of OGCP produced per cell is somewhat higher in C41(DE3) than in BL21(ED3).
The course of expression of the E. coli F-ATPase b subunit in C41(DE3) and C43(DE3) differed (see Figure 3C and D), the onset of protein production being delayed in C43(DE3) by about one hour relative to C41(DE3). Three hours after induction, three times more protein had been produced in C43(DE3) than in C41(DE3); 15 hours later the amount of subunit b in C41(DE3) had decreased because the culture had become overgrown by cells that had lost expression capacity, as discussed above. Less subunit b was produced per cell in C43(DE3) than in C41(DE3), but the global amount of protein produced per litre of culture was higher in C43(DE3) because the cells continued to divide after induction of expression.
Transcription of the gene for the OGCP was compared in BL21(DE3) and C41(DE3) hosts (see Figure 4) . The main RNA band had migrated further than 16 S ribosomal RNA to a position corresponding to an mRNA of about one kilobase, as expected for the OGCP. Three larger RNAs, also detected with the OGCP probe, probably arise by the T7 RNA polymerase transcribing beyond the T7 transcriptional terminator, which is immediately after the OGCP gene in the plasmid. In longer exposures of the blot (not shown), similar bands could be seen in C41(DE3) also, but in relatively lower amounts compared with the main band in BL21(DE3). The basal level of OGCP mRNA synthesis in BL21(DE3) was five times higher than in C41(DE3) (see Figure 4B) , and the maximal amount of OGCP mRNA synthesized after induction was about ten times greater in BL21(DE3) than in C41(DE3). Moreover, the maximum amount of OGCP mRNA appears to have been reached after 45 minutes in BL21(DE3) and at least 45 minutes later in C41(DE3). (DE3) and C41(DE3). RNA samples from cells of E. coli BL21(DE3) and C41(DE3) (4 ml), both containing the expression plasmids for the OGCP and subunit b of E. coli F-ATPase, were prepared according to Ausubel et al. (1987) and Uzan et al. (1988) , respectively. RNA (3 mg) was fractionated by electrophoresis under denaturing conditions in a 1% agarose gel, and then transferred to a Hybond-N membrane. Pre-hybridization and hybridization of the membrane were carried out for 18 hours at 42°C. The DNA probe for the bovine OGCP, corresponding to its complete coding sequence, was amplified from a plasmid by PCR, and radio-labelled with [a-32 P]dCTP (50 mCi) by use of an oligonucleotide labelling kit (Pharmacia Biotech Ltd, St Albans, Herts, AL1 3AW, UK). The membrane was hybridized in the presence of the probe, washed twice at 42°C in 2 × SSC buffer containing 0.1% SDS, and twice at 65°C in 0.1 × SSC buffer containing 0.1% SDS (SSC buffer consists of 3 M sodium chloride and 0.3 M sodium citrate (pH 6.5)). The radioactivity on the membrane was measured by densitometry with a computing densitometer (Molecular Dynamics, model 300A with ImageQuant version 3.2 software) of a radioautograph exposed to Fuji RX film. A, Autoradiograph of the membrane after 15 minutes, exposure. Lanes a, d and e, RNA samples of BL21(DE3) expressing the OGCP; lanes b, f, and g, RNA samples of C41 expressing the OGCP; lanes c, h and i, control RNA samples from C41 expressing the E. coli F-ATPase b-subunit. Samples were taken at various times after induction, as shown on top. The migration positions of the OGCP mRNA, and of the 16 S and 23 S ribosomal RNAs are indicated on the left. B, Relative amounts of the OGCP mRNA, estimated by densitometry of the appropriate bands on two different exposures of the membrane. In C41(DE3), the signal at time zero was chosen as reference. transcription outstrips translation, permitting unstable naked RNA stretches to form (Iost & Dreyfus, 1995; Makarova et al., 1995) . By an unknown mechanism, over-expression of either b-galactosidase or an inactive form of elongation factor Tu have been shown to lead to destruction of ribosomal RNAs, and the ensuing lethal effects of over-expression (Dong et al., 1995) . Experiments described above are consistent with this mechanism of lethality of protein over-expression. Strain BL21(DE3) containing the expression plasmid pMW7(OGCP) produced a large amount of the cognate mRNA from the plasmid, whilst at the same time the target protein was present in the cells at rather low levels. In contrast, in strain C41(DE3) the same transcript was made more slowly, and despite the maximal level being ten times lower than in BL21(DE3), more of the target protein was synthesized in C41(DE3). Similar effects were noted by comparison of the expression of subunit b of E. coli F-ATPase in C41(DE3) and C43(DE3).
At present, the locations of the mutations in C41(DE3) and C43(DE3) are not known, but plausible hypotheses concerning the C41(DE3) mutation are that either it affects the activity of the T7 RNA polymerase or that it reduces the amount of polymerase produced. Both effects would probably help to prevent uncoupling of transcription and translation. It is noteworthy that a mutant of T7 RNA polymerase able to transcribe three times more slowly than the wild-type enzyme has been shown to yield about four times more b-galactosidase from an appropriate expression vector (Makarova et al., 1995) . The C43(DE3) mutation may also be helping to avoid uncoupling of transcription and translation, but, in addition to delaying the onset of transcription, it also appears to affect the folding and insertion of subunit b into the bacterial membrane. In C41(DE3) the E. coli F-ATPase b subunit accumulates in a form that is difficult to solubilize in the detergent lauryldimethylamine oxide, and it may be misfolded, whereas in C43(DE3) it is inserted into the membrane and can be readily extracted with the detergent (I. Arechaga, B.M. & J.E.W., unpublished results).
The expression levels of a variety of proteins (seven membrane proteins, ten globular proteins; see Table 1 ) in BL21(DE3) were compared with the levels achieved in either C41(DE3) or C43(DE3) hosts. For all seven of the membrane proteins, and particularly for the alanine-H + transporter and the E. coli F-ATPase subunits b and c, expression in the mutant hosts was improved over BL21(DE3). In all three of these latter examples, the induction of the expression both on plates and in liquid media was toxic to C41(DE3) but not to C43(DE3). The gene 10a-alanine-H + carrier fusion was very well expressed in C43(DE3), and 79 mg of protein were obtained per litre of culture (Table 1 ). Significant improvements in expression level were also obtained with the ADP/ATP and phosphate carriers in C41(DE3).
A similar comparison of the expression of the b subunit of the E. coli F-ATPase in C41(DE3) and C43(DE3) was also conducted ( Figure 5 ). The final amount of mRNA for E. coli F-ATPase subunit b accumulated per cell after three hours was approximately the same in both strains, but the maximal level of this mRNA was attained in 30 minutes after induction in C41(DE3) and in two hours in C43(DE3). The basal level of expression was slightly lower in C43(DE3) than in C41(DE3).
These studies indicate strongly that a major component of toxicity of protein over-expression in E. coli-T7 RNA polymerase systems is linked to transcription of the target gene and, together with published work discussed below, they suggest that the toxicity probably arises from the uncoupling of transcription from translation. The T7 RNA polymerase transcribes DNA about seven times faster than E. coli RNA polymerase, and therefore A general improvement in the expression of the globular proteins (see Table 1 ) was also found in mutant host C41(DE3), including proteins that were well expressed as well as others that were poorly expressed in BL21(DE3). The GFP provides a typical example of the former category. Although it was expressed at 37 mg per litre of culture in BL21(DE3), a four times higher level of expression was obtained in C41(DE3) (see Table 1 ). The g-subunit of bovine ATPase provides an example of the second category. Cells of BL21(DE3) containing pMW7(g) stopped growing at low density, and the g-subunit was undetectable by SDS-PAGE analysis of the cells, whereas in C41(DE3) the cells continued to divide, grew to high density and produced a large amount of the g-subunit (see Table 1 ).
The RNA polymerase of phage T7 is inhibited by the phage's lysozyme (Moffatt & Studier, 1987) , and therefore, co-transformation of a plasmid encoding the lysozyme (pLysS and pLysE) with the plasmid containing the target protein has been advocated as a means of suppressing toxic effects brought about by basal level expression of proteins (Studier et al., 1990) . This stratagem has been found to be helpful in some cases of relatively mild toxicity. However, co-transformation of pLysS with pMW7(g) or with pMW7(GFP) did not suppress their toxicities on agar plates in the presence of IPTG. In liquid media, the level of expression of both proteins was somewhat higher in BL21(DE3) in the presence of pLysS than in its absence, but the level of expression of both proteins in C41(DE3) was at least twice the level obtained in co-transformed BL21(DE3) cells. Therefore, at least in these two examples, C41(DE3) is superior to BL21(DE3)-pLysS as a host for over-expression of proteins. The combination of C41(DE3) with pLysS may be advantageous, but this possibility has not been investigated systematically so far.
To date, the usage of strain C43(DE3) for expression of other toxic proteins has been explored in only a small number of examples (the F-ATPase b and c subunits, the alanine-H + carrier). One example (an RNase) has been encountered where an expression vector that was toxic in C41(DE3) remained toxic in C43(DE3) also (unpublished results). A number of other examples show that, if the protein is already expressed without toxic effect in C41(DE3), then no additional benefit derives from over-expression of the same protein in C43(DE3). Therefore, it appears that C43(DE3) has a more restricted utility than C41(DE3).
Although the selection procedure presented here is empirical, it has the advantage that it encompasses the entire complexity of the biology of the expression system, and it has provided an efficient means of modifying it. The method takes advantage of a population of bacteria selected in the presence of both IPTG and ampicillin, which had been described incorrectly as only containing cells that have lost the ability to express the target DNA (Studier et al., 1990) . As we have shown, two sub-populations giving rise to large and small colonies are present, and the latter contains cells that over-express the target protein better than the original host. Therefore, the procedure allows the expression system to be adapted and optimized for the expression of a particular protein, and it may be beneficial in other instances (including both globular and membrane proteins) to use the selection protocol to select a wider range of host strains derived, for example, from BL21(DE3), C41(DE3) and C43(DE3). In this way it may be possible to tailor the expression system by selection and thereby, for example, to prevent the formation of inclusion bodies, and to overcome toxic effects of various severities and origins.
Finally, it should be noted that removal of the toxic effects of an expression plasmid will not automatically guarantee that the protein is produced in large amounts, and to achieve this objective it may be necessary, for example, additionally to prevent mRNA degradation, to remove undesirable features in the coding sequence that impede translation (Kane, 1995) , or to prevent proteolytic degradation.
